Potassium pyroantimonate in combination with osmium tetroxide is an excellent technique for investigation of the subcellular distribution of calcium ions in glutaraldehydefmed liver tissue. Under appropriate incubation conditions potassium ions are r e p l a d by calcium ions to form an insoluble electron-dense calcium antimonate precipitate. The presmce ofcalcium withiu this antimonate precipitate is confmed by the demon specaosropic imaging (ESI) technique.
Introduction
Using a combined glutaraldehyde-osmium-pyroantimonate technique the subcellular calcium distribution can be analyzed as a calcium hexahydroxyantimonate precipitate. This technique was introduced by KomnidE (13) in 1962 for electron microscopic evidence of Na+ ions. A careful choice of fixation and incubation conditions enabled Wick and Hepler (24) to use the antimonate technique highly selectively for Ca2+, whereas sodium and potassium did not precipitate with pyroantimonate. This method also was applied to localize calcium in various mammalian cells such as platelets (22), red blood cells ( 5 ) , natural killer cells @), and mast cells dient of the calcium distribution from the periportal to the pericentral area. A finely dispersed precipitate was found in the mitochondrial matrix and in the euchromatin of the nuclei of the periportal hepatocytes, and in the organelles of the pericentral area a coarser deposit in lower conantration was recognized. Our findings indicate that periportal and pericentral hepatocytes retain their zonal characteristics also with respect to calcium concentration in mitochondria and nuclei. ( J Hisrocha Cpochun 0593-598, 1994) (9) , and in tissues such as heart (4) and skeletal muscle (16J8). Furthermore, Menu6 and Halpem (17) used this method to study glycogen metabolism in the liver.
The original pyroantimonate method of Komnick (13) is performed without previous glutaraldehyde fktion. In the present electron microscopic study, we used a combined glutaraldehydeosmium-pyroantimonate technique. Applying this method, we localized calcium in mitochondria and nuclei of rat hepatocytes. To vetlfy that the pyroantimonate precipitate contained calcium, electron spectroscopic imaging (ESI) was performed. This technique uses energy filtration to produce micrographs with elastically scattered electrons or with electrons that have lost a specific, characteristic amount of energy during interaction with the specimen (1,2,19).
Various functional and structural differences have long been known to play a role in periportal and pericentral hepatocytes (7,10,11,14,21). To the best ofour knowledge, nothing is known about a calcium gradient in the liver acinus as far as mitochondria and nuclei are concerned. We report here a zonal heterogeneity with respect to the calcium distribution, using a combined glutaraldehyde-osmium-pyroantimonate technique.
Post-fixation processing
The tissue was dehydrated in graded ethanol and embedded in Epon 812. Ultra-thin sections were counterstained with lead citrate for 1 min and then examined in a Philips EM 301 electron microscope.
Electron Spectroscopic Imaging
ESI with an electron energy-loss spectrometer installed in the electron optical column was performed with an EM 902 (Zciss) (20) using unstained ultra-thin sections of about 50 nm. The specimens were investigated with an electron energy-loss of 247 eV at the L2.3 absorption edge of calcium.
Morphometry. Electron micrographs were obtained from mitochondria (magnification x 22,000) and nuclei (magnification x 2200) down to a depth of three cell layers, each measured from the Glisson's triads and from the terminal hepatic venules correspondingly. The 35-mm negatives were analyzed directly with a video-based automatic image analyzer (TAS; Tarmre Analysis System, Lcitz Wetzlar, Germany) as described by Beier and Fahimi (3). Mitochondria and nuclei were contoured with a light pen on a TAS screen, and the electron-dense pyroantimonate precipitate was detected automatically owing to its specific degree of gray. The volume density of the precipitate (area of calcium pyroantimonate deposit divided by the area of mitochondria or nudeus) provided information about the relative calcium content within the organelles. For statistical analysis the Student's t-test was used.
Results
In this electron microscopic study, the distribution of calcium in mitochondria and nuclei was investigated. After applying 3% glutaraldehyde buffered in 40 mM KH2P04, p H 7.4, followed by pyroantimonate-osmium post-fixation, calcium ions were shown to precipitate with antimonate. Substantial differences in the distribution of Ca" deposits were found in the mitochondria and nuclei ofhepatocytes. In the periportal area the mitochondrial matrix dsplayed high amounts of calcium as a finely dispersed precipitate (Figures la and Ib). However, in the organelles of the pericentral area only a few coarse-grained deposits were discovered (Figures IC and Id). In the nuclei of hepatocytes the precipitate was situated in the euchromatin, whereas the heterochromatin and the nucleoli did not contain any reaction product. The nuclei of hepatocytes surrounding the Glisson's triads contained essentially more and finer-grained deposits than the nuclei of the parenchymal cells around the terminal hepatic venule. These nuclei displayed fewer and comer deposits (Figures 2a  and 2b) .
Treatment of the specimens with EGTA inhibited calcium antimonate precipitation in both mitochondria and nuclei ( Figure 2c ).
The precipitate was also analyzed for calcium content by ESI. The excitation of the L2.3 shells of calcium ions leads to an electron energy loss of 347 eV. The darkfield images of our specimen (Figure 3a 
Morphometry
Quantitative computerized image analysis of the precipitate displayed a zonal gradient of calcium. The volume density of the precipitate in periportal mitochondria (Table 1) and nuclei (Table  2 ) was significantly (p<O.OOS) higher than in pericentral ones. In addition, morphometric analysis confirmed that mitochondria are essentially larger in periportal than in pericentral hepatocytes, whereas the nuclei showed no significant size differences.
Discussion
In this electron microscopic study we investigated the distribution of calcium in mitochondria and nuclei of rat hepatocytes using a combined glutaddehyde-osmium-pyroantimonate technique. The specific location of calcium was proven by use of the calcium chelator EGTA and by ESI. ESI permits the detection of calcium in the antimonate precipitate at the specific electron energy loss of 347 eV at the L2,3 absorption edge of calcium. In contrast, antimony brightens up at the specific electron energy loss of 528 eV at the M4.5 absorption edge of antimony (1).
Precipitation of calcium by pyroantimonate has been used by many investigators to determine intracellular calcium distribution in various mammalian cells (4, 5, 9, 12, [16] [17] [18] 22, 24) . Sat0 et al. (22) investigated the antimonate precipitate in platelets with electron microscopic X-ray microprobe analysis. Specimens were tested for calcium, antimony, sodium, potassium, magnesium, and zinc. Significant recordings were obtained only for calcium and antimony ation caused an immediate rapid release of sodium contained in the tissue. Furthermore, Wick and Hepler (24) indicated that after an initial glutaraldehyde fixation the majority of calcium was retained and that post-fixation with antimonate-osmium tetroxide resulted in the exclusive formation of calcium antimonate precipitate. In our studies, we used fixation with a high concentration of glutaraldehyde. We perfused the liver via the portal vein without any primary rinsing with physiological NaCl solution. To assess intracellular calcium distribution within the different compartments of the cell, these cations must precipitate quickly during fixation so that they can retain their original location. Periportal and pericentral hepatocytes display various functional and structural differences. The predominant reactions taking place in the periportal zone are oxidative energy metabolism, glucose release. including gluconeogenesis, bile formation, and ammonia detoxification, whereas the predominant functions of the pericentral hepatocytes are glycolysis, lipogenesis, ketogenesis, and xenobiotic metabolism (7,10,11,21) . One of the well-established structural differences between the periportal and the pericentral parenchy-mal cells is the greater size of mitochondria in periportal hepatocytes (14) . Our morphometric calculations confirm these results.
In accordance with this "metabolic zonation" (11). our investigation revealed primarily that there is also a zonal calcium gradientas far as mitochondria and nuclei are concemed. The average mitochondrial calcium concentration of periportal regions is four to five times higher than in pericentral regions. This zonal Ca+* gra- diem is concomitant with the zonal oxygen gradient, which is associated with a higher activity ofthe mitochondrial respiratory chain in periportal versus pericentral regions (10). Therefore, the higher Ca+* concentration in periportal mitochondria may provide further evidence for a relationship between the mitochondrial Ca+* content and the activity of the respiratory chain (6,8,15 ).
The nuclei of both areas had nearly the same size. However, the calcium content in the periportal nuclei was four times higher than in the pericentral nuclei. This result corresponds to the find- ings of MentrE and Halpem (17), who described widely variable amounts of calcium pyroantimonate precipitate within the nuclei of hepatocytes. However, these authors did not associate these results with the zonal heterogeneity of the liver.
In conclusion, the combined glutaraldehyde-osmiu-pyroantimonate technique is a highly suitable method for demonstration of calcium in mitochondria and nuclei of hepatocytes. The presence of calcium in the precipitate was confirmed by ESI. Furthermore, quantitative analysis of the deposits revealed a significant calcium gradient between the periportal and the pericentral hepatocytes. These findings correlate well with the zonal oxygen gradient and suggest a relationship between the mitochondrial Ca++ content and the activity of the respiratory chain.
